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General analysis of the ARPES line shape for strongly correlated electron systems
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In many cases the standard perturbation approach appears to be too simple to describe precisely
the angle resolved photoemission spectrum of strongly correlated electron system. In particular,
to describe the momentum asymmetry observed in photoemission spectra of high-Tc cuprates a
phenomenological approach based on extremely correlated Fermi-liquid model has been recently in-
troduced. Here we analyze the general structure of the Green function of quasiparticles in strongly
correlated electron systems and stress that it is defined not only by the self-energy of Hubbard
quasiparticles but also by a strength operator. The later leads to an additional odd momentum con-
tribution to the spectral function and alone can explain the observed asymmetry. So, the asymmetry
of the ARPES spectra can be a measure of the strength of electron correlations in materials.
PACS numbers: 71.10.Ay, 74.25.Jb, 74.72.Gh
Introduction.—Angle-resolved photoemission spec-
troscopy (ARPES) is very powerful method to study the
electronic structure of solids, especially for anisotropic
layered materials like high-Tc cuprates where the quasi-
particle (QP) dispersion law ǫ (kx, ky) may be obtained
[1]. It is particularly important for strongly correlated
electron systems (SCESs) where conventional ab initio
local density approximation to the density functional
theory (LDA-DFT) fails to get the correct QP electronic
structure.
Within the usually applied three step model of pho-
toemission and using the sudden approximation [2],
the photoelectron counts I
(
~k, ω
)
as a function of en-
ergy ω and momentum ~k are given by I
(
~k, ω
)
=
|Mij |
2
f (ω)A
(
~k, ω
)
, where Mij is the dipole matrix el-
ement for the photo-excitation, f (ω) is the Fermi-Dirac
distribution, and A
(
~k, ω
)
= (−1/π) ImG
(
~k, ω
)
is the
spectral function for the single-electron retarded Green
function G
(
~k, ω
)
. If one disregards the effect of the
energy and momentum resolutions as well as the ma-
trix elements effect [3] and the extrinsic background [4],
the photoelectron intensity is proportional to the spectral
function multiplied by the Fermi function.
Usually the standard perturbation representation of
the Green function G
(
~k, ω
)
in terms of Fermi-type op-
erators is used for the ARPES analysis [1, 5]. Introduc-
ing the real and imaginary parts of the QP self-energy
Σ~k (ω) = Σ~k
′
(ω)+iΣ~k
′′
(ω) one can write down the spec-
tral function
A
(
~k, ω
)
= −
1
π
Σ~k
′′
(ω)[
ω − ε~k − Σ~k
′
(ω)
]2
+Σ~k
′′
(ω)
2
. (1)
This is the central formula for the ARPES analysis. It
provides the Lorentzian line shape for the momentum
distribution curve (MDC) defined as I
(
~k, ω = const
)
as
long as the self-energy Σ~k (ω) can be considered as mo-
mentum independent and the bare dispersion ε~k is lin-
earized in the vicinity to the Fermi level [6]. (More gen-
eral assumption [7] is that
∂Σ~k
′
(ω)
∂k
can only be a constant
independent of ω.)
This approach works well for metals where Fermi-
liquid picture is adequate and for many high-Tc cuprates
[1, 5, 8]. Nevertheless from theoretical point of view
the standard perturbation approach seems to be non ap-
propriate for SCESs such as underdoped and optimally
doped hole cuprates where non Fermi liquid effects have
been found in the pseudogap state. Various approaches
towards clarifying the QP properties in the regime of
strong electron correlations have been attempted: a phe-
nomenological marginal Fermi liquid approach [9], an
asymptotic solution to the Gutzwiller projected ground
state of the t − J model [10], low dimensional non-
Fermi-liquid theory [11]. Recently the extremely corre-
lated Fermi-liquid model has been suggested [12]. Its
improved phenomenological version [13] successfully de-
scribes the dichotomy of the spectral functions of mo-
mentum and energy. One important result obtained in
paper [13] is the MDC asymmetry that has been observed
for under- and optimally doped La2−xSrxCuO4 [14] and
Ca2−xNaxCuO2Cl2 [15].
In this letter we have shown that the MDC asymmetry
is not a particular model [12, 13] property. It is a general
property of the spectral function in SCESs, where the
Coulomb interaction U is much larger then QP kinetic
energy and the perturbation over ε~k
/
U ≪ 1 seems to be
more appropriate.
Formalism.—The natural and proper mathematical
tool in the atomic limit ε~k
/
U ≪ 1 is given by the Hub-
bard X-operators [16]. Their algebra automatically ful-
fills the constraint condition that forbids some sectors
of the Hilbert space due to strong electron correlations.
2Formerly the Hubbard’s ideas of X-operators were de-
veloped in cluster perturbation theory within the gen-
eralized tight-binding (GTB) method [17, 18]. The
GTB approach has been proposed to calculate the elec-
tronic structure of correlated materials like underdoped
cuprates, manganites, and cobaltites [19]. It’s ab initio
LDA+GTB version [20] is a hybrid scheme used the lo-
cal density approximation to construct the Wannier func-
tions and obtain the single electron and Coulomb param-
eters of the multiband Hubbard-like Hamiltonian. At the
next step this method combines the exact diagonaliza-
tion of the intracell part of the Hamiltonian, construc-
tion of the Hubbard operators on the basis of the exact
intracell multielectron eigenstates, and the perturbation
treatment of the intercell hoppings and interactions.
This is essentially multielectron approach which does
not use the idea of bare electron. An electron in GTB
is a linear combination of QP excitations between multi-
electron initial dn - and final dn±1 configurations. Each
excitation from initial state |q〉 to final state |p〉 is de-
scribed by the Hubbard operator Xpqf = |p〉 〈q|. Thereby
any local operator can be represented as a linear combi-
nation of X-operators. So the operator of removing of
electron with spin σ at a lattice site f takes the form
cf,σ =
∑
p,q
|p〉 〈p|cf,σ |q〉 〈q| =
=
∑
p,q
γσ (p, q)X
pq
f =
∑
m
γσ (m)X
m
f . (2)
To simplify notations we introduce the QP band index
m corresponding to the pair (p, q). Equation (2) clearly
shows the difference between Fermi type quasiparticle de-
scription in the single electron language and the multi-
electron one. The operator cf,σ decreases the number of
electrons by one for all sectors of the Hilbert space si-
multaneously, while the Xmf operator describes the par-
tial process of electron removing from the (N)-electron
configuration |q〉, with the final (N − 1)-electron config-
uration |p〉. The matrix element γσ (m) gives the proba-
bility of such a process. It should be noted that splitting
of an electron onto different Hubbard fermions stated by
Eq. (2) and the following spectral weight redistribution
over these quasiparticles are the underlying effects of the
band structure formation in correlated systems.
According to Eq. (2) the single electron retarded
Green function G
(
~k, ω
)
=
〈〈
a~k,σ
∣∣∣∣ †a~k,σ
〉〉
ω
is given
by a linear combination of the Green functions of Hub-
bard quasiparticles Dmn~k,ω =
〈〈
Xm~k
∣∣∣∣
†
Xn~k
〉〉
ω
,
G
(
~k, ω
)
=
∑
m,n
γσ (m) γ
∗
σ (n)D
mn
~k,ω
, (3)
here the notation of Zubarev [21] for Green functions is
used. Due to a complicate commutation rules there is no
conventional Wicks theorem and conventional diagram
technique for Hubbard operators. Nevertheless the gen-
eralized Wicks theorem has been proved [22] and then
diagram technique for X-operators developed [23, 24].
The Dyson equation [25] for the matrix Green function
Dˆ
(
~k, ω
)
=
{
Dmn~k,ω
}
has also been modified
Dˆ
(
~k, ω
)
= Gˆ~k (ω)Pˆ~k (ω) , (4a)
with propagator Gˆ~k (ω) is
Gˆ~k (ω) =
[
Gˆ−10 (ω)− Pˆ~k (ω) tˆ~k − Σˆ~k (ω)
]−1
. (4b)
Here Gˆ−10 (ω) is a local propagator determined by the
multielectron eigenstates |p〉 and |q〉, tˆ~k is interaction
matrix with elements tmn~k = γσ (m) γ
∗
σ (n) ε~k, where ε~k
is the bare band dispersion. It should be stressed that
function Σˆ~k (ω) in Eq. (4b) is the self-energy for the
Hubbard fermions and therefore it is different from the
single-electron one in Eq. (1).
Besides the self-energy Σˆ~k (ω) of Hubbard quasipar-
ticles the unusual strength operator Pˆ~k (ω) appears in
Eq. (4). It results both in the redistribution of the QP
spectral weight and in renormalization of QP dispersion
which becomes dependent on doping and temperature.
Initially strength operator has been introduced in the di-
agram technique for spin operators [26]. It is important
that in order to use the generalized Dyson equation in
the perturbation expansion it is necessary to calculate
both functions Σˆ~k (ω) and Pˆ~k (ω) in the same order of
perturbation [27].
Spectral function.—The dimension of Dˆ
(
~k, ω
)
matrix
depends on the energy interval under consideration. For
example in cuprates only one kind of QPs is involved in
the low excitation energy limit of ARPES. To demon-
strate that general structure of QP Green functions in
perturbation theory for SCESs results in additional odd
contribution to the spectral function A
(
~k, ω
)
we pro-
ceed with above case. This involves no loss of generality.
For hole-doped cuprates m = {(−σ, 2)}, where doublet
|σ〉 and singlet |2〉 are the ground terms of the CuO4
unit cell with 1 and 2 holes per site, respectively. In this
low energy limit the exact single electron Green function
reads
G
(
~k, ω
)
= |γσ¯,2|
2
P~k,ω
ω − ε− t~kP~k,ω − Σ~k,ω
, (5)
where ε = ε0 − µ is eigenvalue of local state |σ〉 and
µ is chemical potential. Generally both self-energy and
strength operator can be presented as a sum of real
P
′
~k,ω
, Σ
′
~k,ω
and imaginary P
′′
~k,ω
, Σ
′′
~k,ω
parts, respectively.
3Therefore electron spectral function takes the form
A
(
~k, ω
)
=
|γσ¯2|
π
2
×
 P
′
~k,ω
Γ~k,ω(
ω − ǫ~k,ω
)2
+ Γ2~k,ω
+
P
′′
~k,ω
(
ω − ǫ~k,ω
)
(
ω − ǫ~k,ω
)2
+ Γ2~k,ω

 , (6)
here ǫ~k,ω = ε + t~kP
′
~k,ω
+ Σ
′
~k,ω
is renormalized QP dis-
persion and Γ~k,ω = t~kP
′′
~k,ω
+ Σ
′′
~k,ω
is inverse life time of
QP’s.
Being interested to analyze the MDC line shape deter-
mined by Eq. (6) we fix energy ω = ω0 and assume k
independence of QP inverse life time Γ~k,ω0 and strength
operator P~k,ω0 in a small vicinity to the Fermi level. In
such a case the spectral function A
(
~k, ω0
)
appears to be
a sum of even Aevn
(
~k, ω0
)
and odd Aodd
(
~k, ω0
)
contri-
butions. In the limit Γω0 → 0 the even part tends to a
δ-function with renormalized spectral weight |γσ¯2|
2
P
′
ω0
.
For the finite QP inverse life time Γω0 and linearized QP
dispertion ǫ˜~k,ω0 the even part has the Lorentzian line
shape similarly to the case of non correlated Fermi liquid
Aevn
(
~k, ω0
)
=
|γσ¯2|
π
2
·
P
′
ω0
Γω0
(ω0 − υF (k − kF ))
2
+ Γ2ω0
. (7)
However the most peculiar feature of the spectral func-
tion in SCEC’s is the odd contribution that appears in
Eq. (6) due to imaginary part P
′′
~k,ω
of the strength oper-
ator,
Aodd
(
~k, ω0
)
=
|γσ¯2|
π
2
·
P
′′
ω0
(
ω − ǫ˜~k,ω0
)
(
ω − ǫ˜~k,ω0
)2
+ Γ2ω0
. (8)
The strength operator results in Eq. (4) from non-Fermi
commutation rules of the Hubbard X-operators as well
as for spin Green function it results from non-Bose com-
mutation rules of the spin operators [26]. In the limit
of weak correlations anticommutator (commutator) of
Fermi (Bose)-like operators of Hubbard’s quasiparticles
is equal to c-number. Formally in this limit strength op-
erator tends to unit P~k,ω → 1 and odd contribution to
the spectral function disappears.
To shortly discuss the problem in the superconduct-
ing state we write down the matrix Green function
Dˆ
(
~k, ω
)
=
〈〈
Ψ~kσ
∣∣ Ψ†
~kσ
〉〉
ω
in terms of the Nambu op-
erators Ψ†
~kσ
=
(
Xσ0~k
, X
0,−σ
−~k
)
and then denote compo-
nents of all relevant matrices via the corresponding su-
perscript. According to Eq. (4a) the normal state func-
tion D
(11)
~k,ω
=
〈〈
X0σ
k
∣∣ Xσ0
k
〉〉
ω
is given by expression
D
(11)
~k,ω
= G
(11)
~k,ω
P
(11)
~k,ω
+ G
(12)
~k,ω
P
(21)
~k,ω
, (9a)
where propagator functions G
(11)
~k,ω
and G
(12)
~k,ω
are solutions
of the Eq. (4b)
G
(11)
~k,ω
=
1
det Gˆ~k,ω
(
ω + ε− t
(22)
~k
P
(22)
~k,ω
− Σ
(22)
~k,ω
)
, (9b)
G
(12)
~k,ω
=
1
det Gˆ~k,ω
(
t
(11)
~k
P
(21)
~k,ω
+Σ
(12)
~k,ω
)
, (9c)
and determinator reads
det Gˆ~k,ω =
(
ω + ε− t
(22)
~k
P
(22)
~k,ω
− Σ
(22)
~k,ω
)
×(
ω − ε− t
(11)
~k
P
(11)
~k,ω
− Σ
(11)
~k,ω
)
+(
Σ
(12)
~k,ω
+ t
(22)
~k
P
(12)
~k,ω
)(
Σ
(21)
~k,ω
+ t
(11)
~k
P
(21)
~k,ω
)
. (9d)
In the superconducting state the off-diagonal components
of the strength operator just like off-diagonal self-energy
components differ from zero [27, 28]. That is way the
normal state function D
(11)
~k,ω
has so complicated struc-
ture. We do not give the cumbersome expression for the
spectral function A(11)
(
~k, ω
)
= (−1/π) ImD
(11)
~k,ω
in the
superconducting state since general analysis of its sym-
metry is beyond the scope of this paper. Nevertheless it is
easy to show that spectral function A(11)
(
~k, ω
)
of super-
conductors with dx2−y2 -gap symmetry has in the nodal
direction kx = ky the same structure as the function
given by Eq. (6), to wit, the additional odd contribution
to the ARPES line shape should be present.
Discussions.— The odd contribution to the spectral
functions obtained above in Eq. (6) results from the gen-
eral structure of the Green function of quasiparticles in
strongly correlated systems. We compare it to the struc-
ture of the spectral function designed in paper [13] to
describe the normal state ARPES line shape of high-
Tc superconductors. This phenomenological approach
based on the modified theory of extremely correlated
Fermi liqued [12] successfully reproduces peculiarities of
ARPES line shape for different materials even such as the
MDC asymmetry. It turns out that phenomenologically
found spectral function has the structure which corre-
lates with the structure in Eq. (6) based on the gen-
eral background. Namely, this spectral function [13] con-
sists of the symmetrical contribution with the real part
of strength operator defined in Hubbard-I approximation
P
′
~k,ω
= 1− n2 , where n is the number of electrons (holes)
per unit cell, and asymmetrical contribution which has
the same structure of expression as given in Eq. (8) but
implies some complicated expression for the imaginary
part of strength operator P
′′
~k,ω
. Examples of expressions
for strength operator obtained beyond the mien field ap-
proximation can be found elsewhere [27] since we do not
discuss experimental data. We argue that asymmetrical
structure of spectral function in strongly correlated elec-
tron systems has among other things the fundamental
4reason considered above and can reflect the strength of
correlations.
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